INTRODUCTION
Aspergillus oryzae, when grown under conditions of limiting sulphur availability, produces high levels of arylsulphatase activity. The arylsulphatase activity can be resolved into three components. The catalytic-centre activity ofone ofthese enzymes, namely, arylsulphatase II, is greatly enhanced in the presence of tyramine. It has been demonstrated that this enhanced activity is due to tyramine behaving as an acceptor for the sulphuryl group, i.e. in the presence of tyramine, arylsulphatase II behaves as an arylsulphotransferase (Burns & Wynn, 1975) . The enzyme is unusual among sulphotransferases in not requiring 3'-phosphoadenosine 5'-phosphate (Roy & Trudinger, 1970) as a cofactor, nor does it catalyse the transfer of the sulphuryl group from 3'-phosphoadenosine 5'-phosphosulphate to potential phenolic acceptors (Burns & Wynn, 1975) . A kinetic investigation of the enzyme showed that it followed a Ping Pong kinetic mechanism, from which it was inferred that a covalent sulpho-enzyme intermediate is involved in the reaction pathway, water being a much poorer acceptor than a phenol for sulphuryl transfer, so accounting for the sulphotransferase activity in the presence of a suitable acceptor (Burns et al., 1977) .
A Ping Pong kinetic mechanism is notoriously difficult to prove, since it depends on demonstrating that a set of parallel lines are obtained in a series of double-reciprocal plots of reaction rate versus substrate (e.g. donor) concentration, with different second substrate (e.g. acceptor) concentrations. Because of experimental error, it is not possible to prove that lines passing through a set of experimental points do not meet at some distant point which would indicate a sequential rather than a Ping Pong kinetic mechanism. The recognition of this problem, for example among the phosphokinases, led to the development of stereochemical methods to determine the stereochemical course of these reactions (Lowe, 1983) . As a result of extensive studies it was found that phosphokinases (and other phosphotransferases) which adopt a sequential kinetic mechanism proceed with inversion of configuration at the phosphorus atom, whereas those which follow a Ping Pong mechanism occur with retention at the phosphorus atom. This clearly suggests that all enzymecatalysed phosphotransfer steps proceed with inversion, which has proved to be a reliable guide to the mechanism of these enzymes (Lowe, 1983) .
We have recently developed a general strategy for the synthesis of chiral [160, 170, 180] sulphate esters of known absolute con- figuration (Lowe & Salamone, 1984; Lowe & Parratt, 1988) and a method based on Fourier-transform infrared spectroscopy (FTIR) for their stereochemical analysis (Lowe & Parratt, 1988 Burns & Wynn (1975) and had kinetic parameters with p-nitrophenyl sulphate and tyramine reported by Burns et al. (1977) Epiandrosterone phenyl (R)-sulphite and epiandrosterone phenyl I(R)-18O0sulphite
To a solution of dry benzene (10 ml) containing dry pyridine (0.643 ml) was added freshly distilled thionyl chloride (0.192 ml) . A solution of phenol (0.249 g) in benzene (10 ml) was added dropwise and the reaction mixture was stirred at room temperature for 1 h. The reaction mixture was cooled to 10 'C, and a solution of epiandrosterone (0.77 g) in benzene (30 ml) was added dropwise with stirring. After stirring for a further 1 h, the reaction mixture was filtered. The filtrate was washed with saturated NaHCO3 solution, followed by saturated NaCl, dried over anhydrous Na2SO4 and the solvent evaporated. The 'H-n.m.r. spectrum of the crude reaction mixture showed that the required sulphite, along with another product, later identified as the bisepiandrosterone sulphite was present in the ratio of 2: 1. The product was purified by flash silica-gel chromatography (diethyl ether/hexane, 1: 1, v/v) to give epiandrosterone phenyl (R)-sulphite (0.647 g, 56% yield). The epiandrosterone phenyl (R)-sulphite was recrystallized from ether/hexane to give colourless crystals, m.p. [143] [144] [145] [146] [147] (Found: C, 69.8; H, 8 13.81, 20.51, 21.75, 28.34, 29.49, 30.81, 31.62, 35.12, 35.58, 35.76, 35.87, 37.03, 45.15, 47.71, 51.47, 54.42, 75.01, 121.44, 125.56, 129.75, 150.21, 220.45 The kinetics of sulphuryl transfer from the tetrabutylammonium salt of phenyl sulphate to propan-2-ol was examined in carbon tetrachloride solution using an excess of propan-2-ol under pseudo-first-order conditions. The transfer reaction was investigated at three concentrations of propan-2-ol.
The tetrabutylammonium salt of phenyl sulphate (1 1.5 mg) was weighed directly into each of three Reacti-Vials (2 ml). check the performance of the column. The data are presented as semi-logarithmic pseudo-first-order plots in Fig. 2 (below).
Intermolecular sulphuryl-transfer reaction
Phenyl [(R)-'60, 70,180]sulphate tetrabutylammonium salt (22.4 mg, 0.054 mmol) was added to a solution of (lR)-3-benzoyloxy-l-methylpropan-1-ol (13.4 mg, 0.069 mmol) [prepared from (R)-butane-1,3-diol, [ax" -31o (c = 1, ethanol) , by the method of Kim et al. (1985) ] in dry carbon tetrachloride (1.5 ml) in a Reacti-Vial. The vial was immersed in an oil bath at 100°C for 16 h. The reaction mixture was then evaporated and the residue dissolved in water (1 ml), followed by the addition of 3 equiv. of 0.1 M-NaOH. This was allowed to stir for 16 h at room temperature, the reaction mixture diluted with water and the solution adjusted to pH 8 with dilute HCI. Phenol was extracted with diethyl ether, and the aqueous layer was separated and evaporated to a small volume under reduced pressure. This was loaded on to a pyridinium Dowex 50X8-100 column, and eluted with distilled water. The solution of the product was evaporated under reduced pressure and then co-evaporated with dry acetonitrile (4 x 2 ml). The dry residual (lR)-3-benzoyloxy-1-methylpropyl [160,'70,'80] The mixture of isotopomers of (4R)-methyl-2,2-dioxo-1,3,2-dioxathiane were analysed by FTIR spectroscopy in Fig. 3 . Because the "170' site contains 16o, 17O and 180, nine isotopomers will be generated on cyclization of (IR)-3-hydroxy-l-methylpropyl [16o, 70,180] sulphate which occurs with retention at the sulphur atom (Lowe & Parratt, 1988 sulphuryl chloride The scale is in cm-' and the resolution was enhanced by Fourier deconvolution; for the antisymmetric stretching region a linewidth of 20 cm-' and an enhancement factor of 2.0 was used, whereas for the symmetric stretching region a linewidth of 10 cm-' and an enhancement factor of 1.5 was used. Isotopes in a bridging position do not influence the > S02 stretching frequencies (Lowe & Parratt, 1988) . The (lR)-3-hydroxy-lmethylpropyl [160,170, 8O] sulphate thus has the S-configuration. CD, 170; 9, 180; e, 160 and 180; l , 16o, 170 and 180. termined from reversed-phase h.p.l.c. [60 % (v/v) [160, 170, 80] sulphate tetrabutylammonium salt (10.3 mg, 0.024 mmol) was added to a solution of (IR)-3-benzoyloxy-l-methylpropan-l-ol (7 mg, 0.036 mmol) in dry carbon tetrachloride (0.9 ml) in a Reacti-Vial and the intermolecular sulphuryl transfer brought about as described for the tetrabutylammonium salt of phenyl [(R)-'60,'70,18O] sulphate. Likewise the (1 R)-3-benzoyloxy-1-methylpropyl [160,170,'80] sulphate was cyclized as above and carrier (4R)-methyl-2,2-dioxo-1,3,2-dioxathiane added. The FTIR spectrum of the isotopomeric mixture of (4R)-methyl-2,2-dioxo-1,3,2-dioxathianes in carbon tetrachloride was obtained and the antisymmetric and symmetric stretching frequencies (Fig. 4 below) compared with those in the FTIR spectrum obtained from the product of the intermolecular chemical transformation (Fig. 3) .
RESULTS AND DISCUSSION
Synthesis of phenyl i(R)-'60,170,18Olsulphate
The route used for the synthesis of phenyl [(R)-160,170,180]sulphate is outlined in Scheme 1. Epiandrosterone was selected as the chiral alcohol for this purpose after the synthetic route had been explored with unlabelled materials and the single diastereoisomer of epiandrosterone phenyl sulphite isolated shown to have the R8-configuration by an X-ray-crystalstructure analysis (Chai et al., 1991) . Although the epiandrosterone phenyl sulphite is much more chemically labile than aliphatic sulphite diesters, it is configurationally stable. Moreover, the sulphite could be oxidized to the corresponding sulphate with ruthenium tetroxide without oxidation of the epiandrosterone moiety. The method of oxidation using a catalytic amount of ruthenium dioxide from which ruthenium tetroxide is generated and regenerated with an aqueous solution of sodium m-periodate in a two-phase system (Lowe & Salamone, 1984) was not satisfactory for this aryl sulphate diester because of its lability in an aqueous environment, so instead a stoichiometric amount of ruthenium tetroxide in anhydrous solvent was used. The best way that we found to prepare larger amounts of anhydrous Ru1704 was to exchange the oxygen atoms in RuO4 with weakly alkaline ['170'] water, and then extract and dry the product in an organic solvent. The unconfirmed isotopic composition of the ['170'] (Hepburn & Lowe, 1990 ) and used to prepare epiandrosterone phenyl [(R)-'80]sulphite. Having established that the epiandrosterone phenyl sulphite has the R8-configuration (Chai et al., 1991) and knowing that the oxidation of sulphites to sulphates with ruthenium tetroxide occurs with retention of configuration at the sulphur atom (Lowe & Salamone, 1983) Fig. 1(b Fig. l(b) . In order to derive the correct ratio of the three isotopomers, allowance must be made for the 13C and 34S contribution from each isotopomer using the experimental determined ratios for the unlabelled phenyl sulphate (insert in Fig. la) (Burns et al., 1977) . In preliminary experiments it was shown that the enzyme would catalyse sulphuryl transfer from phenyl sulphate to p-cresol and that the p-cresyl sulphate formed could be separated from phenyl sulphate by reversephase h.p.l.c. The enzyme-catalysed reaction was now performed using phenyl [(R)-160,'70,180] The scale is in cm-' and the resolution was enhanced by Fourier deconvolution; for the antisymmetric stretching region a linewidth of 20 cm-' and an enhancement factor of 2.0 was used, whereas for the symmetric stretching region a linewidth of 10 cm-' and an enhancement factor of 1.5 was used. Isotopes in a bridging position do not influence the > SO2 stretching frequencies (Lowe & Parratt, 1988) . This spectrum is essentially identical with that in Fig. 2 racemization. This preliminary experiment, however, indicated that the reaction proceeded with retention of configuration at the sulphur atom. In a subsequent reaction the conversion was allowed to proceed to 47 % p-cresyl [160,'70,180] sulphate. In order to determine the configuration of the p-cresyl [160,170,'80] sulphate it was necessary to transfer the chirally labelled sulphuryl group to (IR)-3-benzoyloxy-1-methylpropan-1-ol. A kinetic study of the transfer of the sulphuryl group from the tetrabutylammonium salt of phenyl sulphate to propan-2-ol in carbon tetrachloride under pseudo-first-order conditions showed that the reaction was first-order with respect to both phenyl sulphate and propan-2-ol (see Fig. 2 ). Next, the tetrabutylammonium salt of phenyl [(R)-160,'70,180] its pyridinium salt cyclized with sulphuryl chloride (Scheme 2). The mixture of isotopomers so generated was investigated by FTIR; the spectrum of the symmetric and antisymmetric stretching frequencies are shown in Fig. 3 . The distribution of isotopomers is that expected from the S,-enantiomer of (1R)-3-hydroxy-1-methylpropyl [160, 170, 180] (Lowe & Parratt, 1988) , but if the (1R)-3-hydroxy-l-methylpropyl [160, 70,1'O] sulphate has the R,-configuration, a peak would be observed at 1407 cm-', which is clearly absent from the spectrum. The antisymmetric stretching mode for the cyclic [170.,l8OeIsulphate is observable at 1384 cm-', whereas no peak is discernable for the cyclic [70e,l80Jsulphate at 1389 cm-', providing positive evidence for the S, configuration of the (IR)-3-hydroxy-1-methylpropyl [160, 170, 180] sulphate. It has been recognized, however, that the symmetric stretching mode of the isotopomers provides the clearest evidence of the configuration, since the linewidths of the peaks are intrinsically narrower and the spectrum better resolved (Lowe & Parratt, 1988) . Confirmatory evidence that the (lR)-3-hydroxy-1-methylpropyl [160, 70, 180] sulphate has the S, configuration is provided by the peak at 1192 cm-', which is assigned to the cyclic [160a,170 e]sulphate. A peak at 1170 cm-1 should be present, arising from the cyclic [170,180e] sulphate, but this is never resolved from the cyclic [180., 16O]sulphate at 1172 cm-1; it is, nevertheless, discernable by the broadening of the peak due to both these isotopomers being present. The absence of peaks for the cyclic [170 e,18J-and [160,170 ,j-sulphates at 1163 and 1186 cm-' respectively confirms the assignment. Thus the chemical sulphuryl-transfer reaction has proceeded with inversion of configuration at the sulphur atom.
p-Cresyl [160, 170, 180] sulphate tetrabutylammonium salt, isolated from the enzymic reaction was then similarly incubated with (IR)-3-benzoyloxy-l-methylpropan-1-ol in carbon tetrachloride at 100°C for 16 h. The (IR)-3-benzoyloxy-1-methylpropyl [160,'70,'5O]sulphate was debenzoylated with aq. NaOH, and the (1R)-3-hydroxy-1-methylpropyl [160, 170, 180] sulphate, as its pyridinium salt, was cyclized with sulphuryl chloride (Scheme 3). The mixture of isotopomers so generated was investigated by FTIR; the spectrum of the symmetric and antisymmetric stretching frequencies are shown in Fig. 4 . The distribution of isotopomers is consistent with the (IR)-3-hydroxy-l-methylpropyl [160, 170, 180] sulphate having the S,-configuration and is very similar to that shown in Fig. 3 . Thus the p-cresyl ['60,170,'5O] sulphate must have the R8 configuration like the phenyl [(R)-160,170,180]sulphate from which it was derived, indicating that the enzyme-catalysed sulphuryl-transfer reaction has proceeded with retention of configuration at the sulphur atom. This result implies that the enzyme-catalysed sulphuryl transfer takes place by way of a sulpho-enzyme intermediate, the sulphation of the enzyme occurring with inversion and the transfer from the sulpho-enzyme intermediate to the acceptor substrate also occurring with inversion, leading to overall retention of configuration at the sulphur atom. Gratifyingly, this result is in accord with the conclusions drawn from a kinetic investigation (Bums et al. 1977) , which indicated that the enzyme follows a Ping Pong-type mechanism, implying the involvement of a sulpho-enzyme intermediate on the enzyme reaction pathway.
